Sumanene is a typical buckybowl molecule with C 3v symmetry. We observed a fluorescence excitation spectrum and a dispersed fluorescence spectrum of sumanene in a supersonic jet. Bowl effects were clarified by comparing the spectra with those of triphenylene (D 3h symmetry), which is a planar prototype of nonplanar sumanene. The S 1 1 A 1 ← S 0 1 A 1 transition is symmetry allowed. We found the 0 0 0 band in the fluorescence excitation spectrum at 357.78 nm; this band was missing in the forbidden S 1 1 A 1 ← S 0 1 A 1 transition of triphenylene. The transition moment was shown to be along the oblate symmetric top axis (out of plane) by the observed rotational contour. A large number of vibronic bands were observed, unlike in triphenylene. Some were considered to be out-of-plane vibrational modes, which lead to a bowl-to-bowl inversion reaction assisted by in-plane vibrations. We found that the vibronic bands were markedly weak in the high energy region of triphenylene-d 12 . This indicates that the fluorescence quantum yield is very low at the high vibrational levels in the S 1 state due to the rapid radiationless transition. The main process is considered to be internal conversion to the S 0 state. The nonplanar structural distortion may also enhance radiationless transitions. We could not, however, observe weakening of the vibronic bands in the fluorescence excitation spectrum of sumanene. © 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Buckybowls are newly synthesized and unique polycyclic aromatic hydrocarbons (PAHs) that possess bowlshaped round π systems.
1-5 They are of great interest to both chemical physicists and organic chemists because of their characteristic nonplanar structure and unique dynamical processes, such as the bowl-to-bowl inversion reaction. [6] [7] [8] [9] [10] Prototypical molecules are sumanene and corannulene, which are especially important as fragment models of buckyball fullerene. 11, 12 We are interested in the bowl effect, which is defined as the specific change in chemical and physical properties with its out-of-plane distortion of a π frame. Here, we focus on sumanene, whose molecular structure is illustrated in Fig. 1(a) . This molecule is nonplanar and it has a three-fold symmetry axis (C 3v point group).
A π -conjugated planar molecule with a three-fold symmetry (D 3h point group) has its own peculiar character in the electronic molecular orbitals and vibrational modes. It is impossible to distinguish their components along the two in-plane coordinate axes (x, y). The HOMO and LUMO are represented by E , which is a second-order irreducible representation, and the actual electronic structure is complicated. Only the 1 E ← 1 A 1 absorption is an allowed ππ transition in the ground state of a neutral D 3h molecule. Even for the forbidden transition, many vibronic bands are expected to be observed due to vibronic interaction with other electronic a) Author to whom correspondence should be addressed. Electronic mail:
baba@kuchem.kyoto-u.ac.jp excited states. Nonradiative processes can be induced by coupling between the excited and ground states. If the π frame is distorted out of plane, nonradiative processes are expected to be further enhanced by the mixing of in-plane and out-ofplane molecular orbitals and vibrational modes. As such, it is very important to investigate the electronic and vibrational structures of the isolated molecule. We observed the fluorescence excitation spectrum and the dispersed fluorescence spectrum of sumanene in a supersonic jet. A planar prototype of sumanene is triphenylene, the molecular structure of which is illustrated in Fig. 1(b) . We performed similar spectroscopic studies of triphenylene-h 12 and triphenylene-d 12 in supersonic jets. The electronic and vibrational structures have been clarified in several reports on the spectroscopic studies of triphenylene in cold materials 13, 14 and in a supersonic jet. 15 Theoretical calculations predict that the S 1 state is 1 A 1 and the S 1 1 A 1 ← S 0 1 A 1 electronic ππ transition is symmetry forbidden. It is, therefore, necessary to consider the vibronic interaction between the S 1 and another excited state in terms of the appearance of numerous vibronic bands. Sumanene is nonplanar and the S 1 1 A 1 ← S 0 1 A 1 electronic transition is allowed with the transition moment along the oblate symmetric top axis (c). The nonradiative processes are also expected to differ from those of a planar π -rich molecule.
In this article, we present the experimental results of the jet spectroscopy of triphenylene and sumanene and analyses on the basis of theoretical calculations. We discuss the bowl effect of a buckybowl molecule, sumanene, by comparing the electronic and vibrational structures with triphenylene. 
II. EXPERIMENTAL
Sumanene was synthesized by following the method described elsewhere, which is based on oxidative aromatization using tetrahedral sp 3 carbons starting from norbornadiene, 11 and recrystallized from dichloromethane. Commercially obtained triphenylene-h 12 (Aldrich, 98%) and triphenylene-d 12 (CDN ISOTOPES, 98.4%) were used without further purification. The solid sample was heated in a stainless steel container (approximately 150
• C) and the vapour was mixed with He gas (99.9%, 2 atm). The mixed gas was expanded into a high-vacuum chamber through a pulsed nozzle (an automobile electric fuel injector) to generate a supersonic jet. The jet was crossed with a pulsed laser light beam at right angles. The distance between the nozzle and the crossing point was 1 cm. Fluorescence from excited molecules was focused onto a photomultiplier surface (Hamamatsu R928) using a pair of lenses through a glass color filter to block scattered laser light.
The current output of the photomultiplier was amplified using a preamplifier (Stanford Research SR240). The electric signal of fluorescence intensity was obtained using a boxcar integrator (Stanford Research SR250), and the change with the laser light wavelength was recorded as a fluorescence excitation spectrum. A dispersed fluorescence spectrum was observed using a scanning monochromator (Nikon P250) with tuning the laser light wavelength to a specific vibronic band.
A tunable dye laser (Lambda Physik, LPD3000, E = 0.1 cm −1 , Exalite 348) was employed as a light source that was pumped by a pulsed excimer laser (Coherent, Compex Pro 110, t = 5 ns, 308 nm, 200 mJ) for 340-380 nm, and a tunable dye laser with an opto-parametric amplifier (Lambda Physik, Scanmate-OPPO, E = 0.1 cm −1 ) and an SHG crystal (potassium dihydrogen phosphate (KDP)) for 315-340 nm. The wavelength of laser light was calibrated by a mercury lamp and a monochromator. The accuracy of absolute wavelength of an observed band is ±1 cm −1 . 
III. RESULTS AND ANALYSIS
A. Triphenylene-h 12 and Triphenylene-d 12 The S 1 ← S 0 transition of triphenylene can be observed in the wavelength region of 315-340 nm. We observed fluorescence excitation spectra of triphenylene-h 12 and triphenylened 12 in supersonic jets; the results are shown in Fig. 2 . In order to analyze the observed spectral feature, it is necessary to identify the S 1 electronic state. First, we performed theoretical calculations of excited states using the GAUSSIAN 09 program package. 16 It was shown that the molecule was planar and three-fold symmetric by several trial calculations with geometry optimization. We employed the results of the timedependent density functional theory (TDDFT)(B3LYP)/6-31G calculation, retaining D 3h symmetry. Figure 3 (a) depicts the calculated π molecular orbitals. The results of the excited states, excitation wavelengths, oscillator strengths, and coefficients of main configurations are listed in Table I . The direct product of HOMO(E ) and LUMO(E ) irreducible representations can be reduced as
The S 1 state is expected to be 1 A 1 (ππ ), which is mainly represented by 59 17, 18 Consequently, the observed prominent vibronic bands are assigned to e and the combination bands with the totally symmetric a 1 vibration based on an analogy of benzene. The vibronic assignments are listed in Table II. One difficulty is that it is impossible to experimentally determine the absolute wavenumber of the 0 0 0 band for a forbidden transition. We, therefore, made good use of theoretical calculations of vibrational energies. The e vibronic bands can first be assigned unambiguously by referring to the results of TDDFT(B3LYP)/6-31G with geometry optimization. Their observed wavenumbers were least-squares fit for both (1415) 1337 ( value given by Kokkin et al., 15 and this estimation is considered to be reliable. The blue shift of 77 cm −1 by full deuterium substitution seems to be reasonable for this size of molecule. 19 We assigned other vibronic bands as well, and the results are listed in Table II together with the calculated vibrational energies. We use the same mode numbers as those used by Kokkin et al. 15 The prominent bands in the low energy region are assigned to the e fundamental bands of ν 35 , ν 36 , and ν 38 . Their vibrational energies are 5% reduced by full deuteration, whereas the energies of ν 31 and ν 33 are considerably reduced (approximately 20%); their vibronic bands are observed at around 1000 cm −1 . We assigned the 1405 and 1413 cm analysis by referring to the calculated values of vibrational energies in the S 0 1 A 1 state by (DFT)(B3LYP)/6-31G with geometry optimization. Here, we used a scaling factor of 0.968, which was determined by a least-squares fit of the observed vibrational energies for both triphenylene-h 12 and triphenylene-d 12 . The observed vibronic bands and the resultant assignments are listed in Table III . We could assign the a 1 fundamental bands of ν 4 , ν 5 , ν 6 , ν 8 , and ν 9 as well as the Figure 5 depicts the fluorescence excitation spectrum of sumanene in a supersonic jet, whose feature is clearly different from that of triphenylene. First, we found the 0 0 0 band of the S 1 ← S 0 transition at 357.78 nm, although the intensity was relatively weak. Second, the spectrum was congested with a large number of vibronic bands in the all vibrational energy region. In the same manner as triphenylene, we performed theoretical calculations of excited states with geometry optimization at the TDDFT(B3LYP)/6-31G level in order to identify the S 1 state. The calculated π molecular orbitals are illustrated in Fig. 3(b) . The results of calculation for excited states, excitation wavelengths, oscillator strengths, and coefficients of main configurations are listed in Table IV The S 1 1 A 1 ← S 0 1 A 1 transition moment is along the oblate symmetric top axis (c). We observed the rotational contour of the 0 0 0 band, as shown in Fig. 6(a) . A sharp Q peak can clearly be seen at the band center, indicating that the transition moment is actually along the c axis and perpendicular to the pivot phenyl ring, which is the benzene frame at the molecular center. This is considered to be the first evidence of an out-ofplane ππ transition moment for aromatic hydrocarbons, and it has an important bowl effect on the electronic transition. The molecule is nonplanar. In this case, "out of plane" means perpendicular to the pivot phenyl ring. In contrast, the rotational contour of the 61 1 0 band did not exhibit a Q peak, as shown in Fig. 6(b) . The transition moment for this e vibronic band is, therefore, considered to be perpendicular to the c axis.
B. Sumanene
We performed assignments referring to the vibrational energies in the S 1 state calculated by TDDFT(B3LYP)/6-31G, which were scaled by 0.977. The results are listed in Table V and the assignments are shown with the expanded spectrum in Fig. 7 . The observed prominent bands are assigned to e vibrations, such as ν 49 , ν 54 , ν 55 , ν 56 , ν 58 , ν 59 , and ν 61 . Each fundamental band is followed by the combination bands with a 1 vibration of ν 16 and other e vibrations of ν 55 , ν 58 , and ν 59 . These are followed by the combination bands of a 1 vibrations of ν 4 , ν 13 , ν 14 , ν 16 , and ν 17 .
IV. DISCUSSION
We could observe the 0 0 0 band of the S 1 ← S 0 transition of jet-cooled sumanene, whose rotational contour showed a sharp Q peak at the band center. This indicates that the S 1 state is 1 A 1 and the S 1 ← S 0 transition moment is along the threefold symmetric top axis. The 0 0 0 band is, however, weaker than vibronic bands, which gain intensity from vibronic interaction with the 1 E electronic states. For a planar aromatic hydrocarbon, the out-of-plane transition moment arises from the σ π transition and is negligibly small. For a round buckybowl, the ππ transition partly gives the out-of-plane moment, and the 1 A 1 ← S 0 transition sumanene becomes allowed in C 3v symmetry. For a fullerene buckyball, the overall transition moment is cancelled out by the spherical symmetry, and only the residual part with structural distortion contributes to the electronic transition. Next we discuss the vibrational modes, which are prominent in the observed spectra. The intensity of a vibronic band in the electronic spectrum depends on the Franck-Condon factor, which becomes large if the normal mode includes nuclear displacements of large structural changes upon the electronic excitation. This normal mode presumably plays an important role in the dynamical processes. The normal coordinates of vibration for the prominent bands in the spectra of triphenylene are illustrated in Fig. 9 . A strong band appears if the equilibrium molecular structure is markedly different between the S 0 and S 1 states. In the e vibration, the whole molecule deforms with homogeneous displacements of all nuclei, as seen in ν 35 and ν 38 . The a 1 vibration can be seen as a combination band with the e mode. In the ν 5 (a 1 ) mode, the C-C bond lengths in the pivot phenyl ring change alternately, which is similar to Kekulè vibration of the benzene molecule. In contrast, the C-C bond lengths change uniformly in the ν 9 (a 1 ) mode. This mode can be expressed as a breathing vibration of the pivot phenyl ring. It corresponds to the ν 1 mode of benzene, whose vibronic bands are strongly observed in the S 1 1 B 2u ← S 0 1 A 1g transition. These Kekulè and breathing modes include large displacements of C nuclei. The π bond orders and bond lengths are appreciably modified upon the S 1 1 A 1 ← S 0 1 A 1 electronic excitation of triphenylene as pointed out by Kokkin et al. 15 The number of strong vibronic bands is small in triphenylene, indicating that, among a large number of normal modes, only these vibrational modes are vibronically active. This mode selectivity in nonadiabatic interaction is presumably due to its molecular planarity and high symmetry.
It should be noted that the vibronic bands of triphenylened 12 are markedly weak in the high vibrational energy region above 1000 cm −1 . We consider this behavior of triphenylene to be similar to that of benzene, which is called channel three. [20] [21] [22] The fluorescence quantum yield becomes extremely small at an excess energy of 3200 cm −1 for benzene-h 6 , and 2300 cm −1 for benzene-d 6 . It has been shown by high-resolution spectroscopy that this is attributed to internal conversion (IC) assisted by intramolecular vibrational redistribution (IVR) due to the Coriolis interaction at high vibrational levels in the S 1 1 B 2u state. 23, 24 Intersystem crossing (ISC) to the triplet state is considered to be very slow for planar aromatic hydrocarbons. 25, 26 The mechanism of the deuterium effect in channel three has not yet been identified. Radiationless transitions are generally suppressed by deuterium substitution because of the shrinkage of the vibrational wave function. In fact, the fluorescence lifetime of triphenylene-d 12 (85 ns) at the 38 1 level was longer than that of triphenyleneh 12 (63 ns). Our results indicate that triphenylene also possesses a similar channel, in which IC and IVR are enhanced in high vibrational levels of the S 1 state by deuterium substitution. The threshold energy is expected to be lower in triphenylene because the vibrational level density is much higher than in benzene.
Several normal coordinates of vibrations for the prominent bands in the spectra of sumanene are illustrated in Fig. 10 . The e vibrations such as ν 59 and ν 61 are deforming over the whole molecule, which include displacements of all nuclei in sumanene. We observed numerous e vibronic bands and their combination bands with totally symmetric a 1 bands. The ν 4 and ν 13 modes correspond to the Kekulè and breathing modes in triphenylene, respectively. This indicates that the stable structures are appreciably different between the S 0 and S 1 states for the pivot phenyl ring, similar to triphenylene. The activity of these modes is reasonable because the electronic wavefunctions of sumanene are similar to those of triphenylene.
We also found the combination bands with ν 17 (a 1 ) and ν 31 (a 2 ) modes in the fluorescence excitation spectrum. These modes mostly consist of out-of-plane (perpendicular to the pivot phenyl ring) nuclear displacements, which change the curvature of its round structure. This is considered to be very important as a promoting mode for the bowl-to-bowl inversion. This reaction was found to occur on a time scale of 10 h in solution at room temperature. 2, 8, 10 The barrier height to inversion was estimated to be approximately 20 kcal/mol (approximately 7000 cm −1 ) by theoretical calculations. 27, 28 Although the reaction coordinate is not identical to a normal coordinate, it may also be possible that in-plane modes such as Kekulè ν 4 and breathing ν 13 assist the bowl-to-bowl inversion in combination with out-of-plane modes. The pivot phenyl ring momentarily shrinks by the ν 4 and ν 13 vibrations and the molecular frame approaches the planar structure, leading to the lower barrier height to inversion. These vibrational energies are greatly changed by solvent and the actual barrier height is considered to be low enough for the inversion reaction at room temperature. In our measurement of the fluorescence excitation spectrum, the excess energy in the S 1 1 A 1 state is, at most, 2200 cm −1 , so the reaction probability is considered to be extremely small. It is, however, possible that the inversion efficiently occurs at the high vibrational levels in the S 0 state, which are populated after IC from the lower vibrational levels in the S 1 state. Although we could not see evidence of the decrease in fluorescence quantum yield as seen in triphenylened 12 , the main nonradiative process in the S 1 state of sumanene is expected to be IC to the hot S 0 state. This suggests that the bowl-to-bowl inversion can be enhanced by UV light irradiation. Although the fluorescence quantum yield in the S 1 1 A 1 state of sumanene could not be estimated by our experiments, it is considered to be comparable with the value of triphenylene (0.084).
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V. CONCLUSIONS
We summarize the difference in fluorescence excited spectra of jet-cooled triphenylene and sumanene as the bowl effects of the π system. Both molecules possess a three-fold oblate symmetric top axis (principal axis c). The S 1 ← S 0 transition is forbidden for the planar triphenylene molecule, but allowed for the nonplanar sumanene molecule. The transition moment is along the c axis and perpendicular to the pivot phenyl ring (out of plane), which has been confirmed by the rotational contour of the 0 0 0 band. The spectrum of sumanene is much more congested than that of triphenylene. It is attributed to its lower symmetry and large structural change upon the electronic excitation. Some of the observed vibronic bands were assigned to normal modes which include the in-plane nuclear displacements of the pivot phenyl ring. These vibrations can lower the barrier height to bowl-to-bowl inversion by mixing with out-of-plane vibrational modes. The vibronic bands of sumanene are remarkably strong up to 2200 cm −1 , indicating that radiationless transitions are not markedly enhanced by out-of-plane structural distortion.
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